The behaviour of an acridine-functionalized calix [4] arene at the interface between two immiscible electrolyte solutions (ITIES) is reported. Molecular modelling showed that the acridine-calix[4]arene has regions of significant net positive charge spread throughout the protonated acridine moieties, consistent with it being able to function as an anion ionophore.
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interaction by intercalation with DNA molecules at the polarised water | 1,2-dichloroethane (1,2DCE) interface. We investigated the interactions at the ITIES by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) as well as study of the possibilities for ionbinding by this compound using molecular modelling. Interactions between DNA and such acridine-calix [4] arene compounds may provide a basis for DNA hybridization detection, based on the concept that the acridine-calix [4] arene may self-assemble at the ITIES to have its acridine moieties protruding into the aqueous phase, where they are available for intercalation with double stranded DNA (dsDNA). This interaction should modulate the electrochemical behaviour of the ITIES.
Experimental

Reagents
All reagents were purchased from SigmaAldrich Ireland (Dublin, Ireland). Aqueous solutions were prepared in ultrapure water ( 18 M cm resistivity) from an Elgastat Maxima-HPLC water purification unit (Elga, UK). dsDNA samples were prepared from sodium salts of calf thymus DNA (SigmaAldrich). Each strand was 214 base pairs in length, with a molecular weight of 139,100 g mol -1 . Solutions were prepared in ultrapure water and concentrations determined by spectrophotometry at 260 nm, yielding sample concentrations of 1.36 x 10 -7 M. These were aliquoted into 10 L volumes and stored frozen until required. The acridine-calix [4] arene compound was synthesised as described below. Solvents used in the synthesis were distilled and dried using standard general methods. Silica gel 60 (0.035-0.070 mm, 220-440 mesh) was obtained from Fluka.
Compound characterisation.
Melting points were determined using an Electrothermal 9100 melting point apparatus and are uncorrected. 1 H NMR and 13 C NMR spectra were recorded with a Bruker Avance 300 (300 MHz)
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p. 4. spectrometer in CDCl 3 with Me 4 Si employed as an internal standard. Infrared (IR) spectra were recorded on a Perkin-Elmer 1000 spectrometer. Mass spectrometric analysis was performed with a Waters Micromass Quattro micro mass spectrometer, using electrospray ionisation (ES+). The presence of solvent in the samples was confirmed by 1 H NMR spectroscopy. [4] arene compound.
Synthesis of the acridine-calix
The di-amino calix [4] arene compound, 5,11,17,23-tetra-p-tert-butyl-25,27-bis[(aminobutyl)oxy]-26,28-dipropoxycalix [4] arene, was first prepared based on the reported procedure of Scheerder et al. [13] . Spectroscopic data were in good agreement with the literature values [13] . Cl.
The bifunctional acridine-calix [4] arene compound was prepared by substitution of the diamino calix [4] arene with 9-chloroacridine. Synthesis was performed based on a reaction pathway previously reported [16] . 
Molecular modelling.
Calix [4] arene models were generated from the experimental nuclear coordinates of the neutral tetraethyl-p-tert-butyl calix [4] arene tetraacetate structure [17] . Force field parameters for the parent methoxy-p-tert-butylcalix [4] arene host were taken from published data [18] and acridine derivatives were created by replacing the methoxy groups with two propoxy and two neutral/protonated acridine groups, and described using existing parameters [19] . Each model were obtained via nuclear relaxation, followed by electronic structure determination using the gfoldprint and POP=FULL keywords to generate output files formatted for molecular electrostatic potential visualisation using MOLEKEL (Molecular Visualisation Software, University of Geneva, www.bioinformatics.org/molekel/wiki/).
Results and Discussion
Synthesis and characterisation.
The required acridine-calix [4] arene was prepared from a known bis(aminobutyl)-functionalised calix [4] arene [13] by reaction with freshly prepared 9-chloroacridine. This was produced in gram quantities as a yellow crystalline solid which was characterised by 1 H and 13 C NMR spectroscopy and mass spectrometry. It was easily prepared as a solution in 1,2DCE, the organic solvent employed in electrochemical studies at the ITIES.
Molecular modelling.
Molecular modelling studies were employed to show the distribution of charge over the surface of the molecules as a function of pH and to show that the pH of the aqueous phase has a strong influence on the interactions between the two acridine moieties. At pH values below acridine's
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pKa the nitrogen groups are protonated, while above it, the lone pairs on the nitrogen groups are unaffected. Although the pKa of acridine is 5.6 [22] , 9-aminoacridine is a stronger base. The pKa of 9-aminoacridine is 9.9 [23] . In the neutral form (pH > pKa), there are significant zones of net negative charge on the the alkoxy oxygens and acridine ring nitrogens ( Fig. 2(A) ) which may serve as binding sites for cations [17] . When the acridine moieties are protonated ( Fig. 2(B) ),
there are significant zones of net positive charge present on the acridine tail (formal charge of 2+). The blue areas carry a higher level of surface charge activity compared to the calix [4] arene ring section, which is depicted as the green area in Figure 2 . These results also provide a strong indication that the protonated acridine-calix [4] arene may serve as an ionophore for anions [24, 25] when present in the organic phase. Regions of net negative charge also exist on the oxygen groups of the alkyl chains that may serve as binding sites for cations, but these are less intense than the areas of positive charge on the protonated acridine moieties.
The possibility of - interactions between the two acridine moieties resulting in -stacking in the neutral acridine state was also considered. The results show that a high population of stacked conformations can exist for the acridine-calix [4] arene when the acridine moieties are uncharged ( Fig. 2(C) ). In the protonated form, however, proton-proton repulsion decreases π-π stacking due to significant zones of positive charge present on the acridine tail.
Anionic species binding between the acridine groups may reduce this repulsion and create a more ordered, neutral-type, tail, though this was not explicitly modelled in the present work.
Cyclic Voltammetry.
CV in the absence and in the presence of organic-phase acridine-calix [4] arene was undertaken with a variety of aqueous electrolyte solutions. Under acidic aqueous phase conditions, the CVs exhibited "electrochemical instabilities" [26, 27] associated with ion transfer reactions when the acridine-calix [4] arene was present in the organic phase ( Figure 3 ). When 0.1 M HCl was used as the aqueous phase, large electrochemical instabilities [26, 27] were obtained during CV
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following the addition of the acridine-calix [4] arene to the organic phase. A similar response was also seen when 0.1 M LiCl was used as the aqueous phase electrolyte (Figure 3 ). This instability was present despite stable background voltammograms recorded prior to addition of the acridine-calix [4] arene to the cell. The instability is thus attributed to the presence of the acridine-calix [4] arene. The pH of aqueous 0.1 M LiCl was ca. pH 5, so that both aqueous phases presented in Figure 3 were sufficiently acidic to protonate the acridine moiety (the pKa of the acridine moiety is 9.9 [23] ). The instability is consistent with the location of the acridinecalix [4] arene compound at the ITIES such that the polar hydrophilic protonated acridine tail is localised at the interface and protruding into the aqueous phase, while the hydrophobic calix [4] arene macrocycle is located in the organic phase. The interfacial localisation of calixarene derivatives, such as at the water-chloroform interface, is well known from computational studies [28, 29] , where is has been shown they orientate at the interface according to hydrophobic/hydrophilic interactions. The electrochemical instabilities presented in Figure 3 provide experimental verification of such localisation for the acridine-calix [4] arene molecule studied here.
However at neutral pH, such instabilities were not evident (Figure 4) , although the acridine moieties may be expected to be protonated if they protrude into the aqueous phase.
Nevertheless, depending on the aqueous phase electrolyte, the presence of acridinecalix [4] arene in the organic phase resulted in the appearance of one or two pairs of reversible ion transfer peaks ( Figure 4 ; Table 1 ). The results from a range of aqueous electrolytes were similar, with two sets of transfer peaks observed for NaH 2 PO 4 , PBS and SSC buffer solutions upon addition of the acridine-calix [4] arene to the organic phase. The peak currents for both ion transfer processes were linear with the square root of the voltammetric scan rate, indicating a diffusion-controlled ion transfer process. Furthermore, the peak-to-peak potential separations, ∆E p , were close to the theoretical 59 mV expected for transfer of an ion carrying a single (positive or negative) charge. Thus, by use of the Randles-Sevcik equation (1) p. 10. (assuming a charge of 1) was calculated from the experimental data. Due to the experimental conditions (where the aqueous phase electrolyte concentration was in excess over the organic phase acridine-calix [4] arene concentration) the ion transfer peak currents were limited by the diffusion of acridine-calix [4] arene in the organic phase. The diffusion coefficients in Table 1 refer, therefore, to the diffusion of the acridine-calix [4] arene compound to the ITIES, whereas the charge transfer process may be due to facilitated transfer of anion species from the aqueous phase electrolytes by protonated acridine-calix [4] arene. Given the nature of the acridine-calix [4] arene compound, as discussed above in the molecular modelling section, it is suggested that the transfer peaks observed ( Upon addition of the dsDNA to the aqueous phase, the CV peaks were diminished ( Figure 4A ). The peak heights were further decreased on prolonging of the reaction time after addition of dsDNA. The decrease of the peak currents ( Figure 4A ) upon addition of dsDNA to the aqueous phase when the organic phase contained the acridine-calix [4] arene compound is attributed to the intercalative interactions of dsDNA with the acridine moeities located at the interface. This interaction, in turn, lowers the number of acridine-calix [4] arene sites available at the ITIES for facilitated transfer of aqueous phase electrolyte anions as well as inhibition of the facilitated transfer that may occur with acridine-calix[4arene molecules that remain at the interface but are unbound to dsDNA.
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Control experiments on the behaviour of dsDNA at the ITIES in the absence of organic phase acridine-calix [4] arene did not reveal any ion transfer peak currents (data not shown). In such an experiment, addition of dsDNA to the PBS (pH ~ 7.4) aqueous phase did not result in any ion-transfer reactions, in contrast to the ion transfer that occurred upon addition of the acridine-calix [4] arene to the cell. Control experiments on the behaviour of the ITIES containing organic phase acridine-calix [4] arene but without added dsDNA in the aqueous phase (Fig. 4B) , did not show any change in the ion transfer peak currents over the same timescale as used in Fig. 4A . These control experiments indicate that the DNA-acridine intercalation process causes the change in the CV curves shown in Fig. 4A .
Electrochemical Impedance Spectroscopy.
Interactions between the acridine-calix [4] arene and dsDNA were studied by EIS at the ITIES. 50 mV provided us with the most reproducible data and enabled a qualitative study of DNA binding with the acridine-calix [4] arene compound at the ITIES. Figure 5 shows Nyquist plots (imaginary part of the impedance (Z(im)) versus the real part of the impedance (Z(re)). Figure   6 shows the Bode plots (dependence of both Z(im) and Z(re) on the frequency f). These plots are presented in double logarithmic scale because of the large changes in impedance over the frequency range investigated.
The frequency spectra indicate that addition of the acridine-calix [4] arene compound to the cell significantly changes behaviour. The result of the addition is a dramatic (ca. one order of magnitude) drop of the impedance values and the modification of the impedance spectra. The
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variations due to acridine-calix [4] arene addition include a decrease of the slope in the Bode plots ( Figure 6 ) and the disappearance of the upright portion of the spectra in the Nyquist plots ( Figure 5 ). These modifications occur mainly at low frequencies (< 10 Hz), where system behaviour is defined mostly by diffusion processes. Parameters extracted from the impedance data provide information on the physical nature of the processes occurring at the ITIES as well as indicating parameters which may be used in a dsDNA detection method. In this case, analysis of the interfacial capacitance, obtained using equation (2), (2) (where Z(im)(f k ) is the imaginary part of the complex impedance at the specified frequency f k ) showed that it was independent of frequency in the range up to 100 Hz in the absence of acridine-calix [4] arene and dsDNA ( Figure 7 ). But addition of acridine-calix [4] arene to the organic phase resulted in a change to the 1 f dependence of the capacitance (Figure 7 ), due to the occurrence of diffusion-controlled facilitated transfer of aqueous phase electrolyte ions, as also seen by CV (Fig. 4) .
The impedance dependencies also revealed the occurrence of binding of dsDNA to acridine-calix [4] arene moieties at the ITIES. This follows from Figure 8 , which presents the frequency dependence of relative difference between the capacitances in the presence of organic phase acridine-calix [4] arene and the absence and presence of dsDNA in the aqueous phase, Cs=(Cs calix -Cs dsDNA )/Cs calix . Here, Cs calix refers to the capacitance in the presence of organic phase acridine-calix [4] arene but without aqueous phase dsDNA, whereas Cs dsDNA refers to the capacitance in the presence of both organic phase acridine-calix [4] arene and aqueous phase dsDNA. It can be seen that the DNA -acridine-calix [4] arene binding event can be clearly detected in the frequency range between 0.1 Hz and 100 Hz, with an average relative
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differential signal of ca. +4.4 % for Cs. These relative changes of the capacitance from the impedance signal due to DNA -acridine-calix [4] arene binding at the ITIES binding coincide with the values reported for the solid electrode-based impedimetric DNA sensors [28] .
Conclusions.
The electrochemical behaviour of a bifunctional acridine-calix [4] arene compound has been investigated using liquidliquid electrochemistry. A range of aqueous electrolytes were employed during the course of this study, with acridine-calix [4] arene present in the organic phase. CV results show that this compound readily behaves as an ionophore for ions present in the aqueous phase, yielding a range of ion-transfer reactions. While earlier molecular modelling studies [28, 29] showed that calix [4] arene derivatives align at the liquid/liquid interface according to hydrophilic/hydrophobic interactions, in the present work, modelling revealed that the acridine-calix [4] arene compound exhibits zones of net positive charge spread throughout the acridine moieties at physiological pH, providing a strong indication that this compound can function as an ionophore for anions when present in the organic phase. The most likely candidates for assisted ion-transfer reactions taking place are chloride and phosphate, as these were present in all or most of the aqueous electrolytes examined. These transfer currents were decreased upon addition of dsDNA to the aqueous phase, due to acridine-calix [4] arene-induced adsorption of dsDNA at the liquidliquid interface. This is induced by the highly-favoured intercalative binding of the acridine moieties with dsDNA. EIS experiments support this scenario, with small changes in impedance or capacitance being recorded. Although the relative signal changes obtained by CV and EIS are ca. 40 % and 4 %, respectively, the methods are in qualitative agreement that a change in electrochemical property of the cell occurs on binding of the dsDNA to the acridine-calix [4] arene. The study of this new acridine-calix [4] arene compound has revealed that it has DNA binding properties at the ITIES, based on the acridine functionality.
In due course it may be used as the basis for DNA hybridisation detection. 
